The objective of this study was to find optimal traits for inclusion in selection criteria by estimating genetic parameters for direct genetic, maternal genetic, and common environmental effects for growth traits before 60 d of age and for the number of teats under an open breeding population, and to evaluate genetic relationships for traits at 60 d of age. Records of 2,344 male and 2,204 female purebred Berkshire pigs were analyzed. For BW at 14 d of age and for weaning weight, the heritabilities of a direct genetic effect were greater than those of a maternal genetic effect. This result is contrary to previous results showing a gradual decrease in the maternal genetic effect and an increase in the direct genetic effect up to weaning. The positive genetic correlations between direct and maternal genetic effects for BW at 14 d of age and weaning weight are clearly contrary to other reports. This phenomenon seems to be caused by creep feeding begun just after the birth of the piglets and maintained throughout the preweaning period in this Berkshire population.
INTRODUCTION
The characteristic quality of Berkshire meat makes it widely accepted in the Japanese pork market, where the retail price for purebred Berkshire in the premium pork market is 50% greater than that for pigs produced by 3-way crossbreeding (Suzuki et al., 2003) . Heavy individual birth weight (IBW) is important not only for survival (Kerr and Cameron, 1995; Roehe and Kalm, 1999; Milligan et al., 2002) , but also for lifetime performance (Rydhmer et al., 1989) : a small IBW has a negative influence on postnatal growth (De Passille et al., 1993; Klemcke et al., 1993) . Additionally, development of immunity to disease during the growth of pigs begins from 21 d of age (Kyriazakis and Whittemore, 2006) . Therefore, analysis of piglet performance at this stage of growth is crucial for the evaluation of lifetime performance (Chimonyo et al., 2008) .
Preweaning growth is largely controlled more by the dam (environmentally and genetically) than by individual piglet genes (Zhang et al., 2000; Solanes et al., 2004) . Biased estimates of direct genetic variance are estimated by the analytical model without the maternal genetic and common environmental effects (Meyer, 1992; Satoh et al., 2002) ; the inclusion of a large number of effects in the model may also cause biased estimates. Thus, the use of an appropriate model is requisite for a small data set. For the Berkshire pig, however, no reliable genetic parameters have been reported for maternal genetic and environmental effects on early growth traits.
We have described the effectiveness of index selection for multiple traits at 60 d of age (Tomiyama et al., 2009) . However, the genetic relationships of the traits at 60 d of age with traits before 60 d of age have not been studied. The objective of this study was to find the optimal traits for inclusion in selection criteria by estimating genetic parameters for growth traits before 60 d of age under an open breeding population, and to evaluate genetic relationships for traits at 60 d of age.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not required for this study because data came from an existing database. 
Animals and Management
Records of 4,548 purebred Berkshire (2,344 males and 2,204 females) pigs produced from 36 sires mated with 114 dams between December 1994 and January 2005 at the Okayama Prefectural Animal Husbandry and Research Center (Misaki-cho, Kume-gun, Okayama, Japan) were used in this study. Pedigree records for a total of 4,688 animals (2,406 males and 2,282 females) were constructed to estimate genetic parameters. Approximately 400 pigs were maintained at the test station each year. The average parity of an individual dam and the average number of piglets per litter was 4.5 and 9.3, respectively. The records used in this study were of pedigree animals with ancestors covering 3 generations. Details of the data structure are presented in Table 1 .
Animals from the same litter were reared together in the same pen from birth to 60 d of age. All the pigs were provided with restricted feeding and allowed free access to water. The feeding regimen was determined by the age of the piglets that were weaned on the nearest Thursday after reaching 25 d of age. The piglets were fed different diets according to their ages: a creep diet (from 0 to 29 d), a postweaning diet (25 to 39 d), and a growing diet (40 to 60 d), as described by Tomiyama et al. (2008) . The number of teats was counted macroscopically at birth.
Traits Analyzed
The traits analyzed were IBW (kg), BW at 14 d of age (W14, kg), weaning weight (WW, kg), BW at 60 d of age (W60, kg), daily BW gain from weaning to 60 d of age (DGW60, kg/d), and the number of teats (NTEAT). The age of the pigs at weaning was 28.6 ± 2.5 d.
Statistical Analysis
Variance components were estimated by the REML procedure based on an animal model, using the VCE5 program (Neumaier and Groeneveld, 1998) . The 2-trait model was used to estimate covariance components for all traits. The fixed effects and covariates in the model were chosen according to the statistical significance of fixed effects by using the GLM procedure (SAS Inst. Inc., Cary, NC). Statistical models for each trait are presented as follows:
where y i is the vector of observations for the ith trait, and b i is the vector of fixed effects, including the contemporary group, sex effect (except in WW), parity effect, and a covariate, including weaning age for only WW for the ith trait. For random effects, a i is the vector of random animal effects, m i is the vector of random maternal genetic effects, c i is the vector of random common environmental effects, and e i is the vector of random errors; X, Z, W, and S are incidence matrices relating records of the trait to the fixed effects and the random effects (animal, maternal genetic, and common environmental, respectively). A management group was defined as a contemporary group according to year and season of birth (spring: March to May; summer: June to August; autumn: September to November; and winter: December to February), and a total of 48 management groups was included in the model for analysis.
The random effects were assumed to follow a normal distribution with a mean of zero and a (co)variance structure with 
where a is a vector of the direct genetic effect, m is a vector of the maternal genetic effect, c is a vector of the random common environmental effect, e is a vector of random residuals, A is the numerator relationship ma- 1994  215  123  92  4  21  1995  313  167  146  5  18  1996  320  153  167  5  19  1997  294  152  142  7  20  1998  308  160  148  6  19  1999  310  162  148  8  27  2000  299  135  164  11  23  2001  347  179  168  8  32  2002  454  254  200  9  36  2003  542  282  260  8  34  2004  544  263  281  9  35  2005  602  314  288  7 Table 2 shows the number of observations, means, SD, CV, estimated heritabilities of the direct and maternal genetic effects, genetic correlations between the direct and maternal effects, common environmental effects, and phenotypic variance of the traits. The estimated heritabilities of the direct genetic effect were low for W14, WW, W60, and DGW60 (0.19, 0.14, 0.18, and 0.19, respectively), very low for IBW (0.07), and moderate for NTEAT (0.35). The estimated heritabilities of the maternal genetic effect were very low for W14, WW, W60, DGW60, and NTEAT (0.07, 0.06, 0.03, 0.01, and 0.02, respectively) but slightly greater for IBW (0.19). The common environmental effect (common environmental variance as a proportion of phenotypic variance: c 2 ) was very low for IBW, W14, and NTEAT (0.03, 0.07, and 0.00, respectively) and low for WW, W60, and DGW60 (0.12, 0.12, and 0.15, respectively; Table 2 ). The estimates of SE for direct genetic effects, maternal genetic effects, and common environmental effects were small for all the estimates of heritability.
RESULTS

Heritability and Common Environmental Effect
Genetic Correlations
The estimates of genetic correlation between direct and maternal genetic effects were very weak for DGW60 (−0.04) and weak for WW, W60, and NTEAT (0.27, 0.25, and 0.20, respectively), but they were negative (−0.21) for IBW and positive (0.52) for W14 (Table  2 ). There was, however, no significant difference from null correlations in all the traits except W14, because of their large SE.
The estimates of genetic correlation between direct (-d) and maternal (-m) genetic effects among the traits are presented in Table 3 . The SE of genetic correlations were large. The results of heritabilities, genetic correlations between direct genetic effects and maternal genetic effects in the same traits, and common environmental effects were medians of the estimates. The SE belonged to the estimate chosen as the median. 
DISCUSSION
Heritability and Common Environmental Effect
The direct and maternal genetic heritabilities (0.07 and 0.19, respectively) for IBW in the present study were consistent with the estimates by Roehe (1999) ing a small direct genetic effect and a larger maternal genetic effect on IBW. The heritability of the direct genetic effect and the common environmental effect for BW traits increased up to 60 d of age, whereas the heritability of the maternal genetic effect decreased during the same period. The tendency of these estimates is consistent with previous reports (Kaufmann et al., 2000; Zhang et al., 2000; Hermesch et al., 2001; Solanes et al., 2004) . The heritabilities of BW at 3 wk of age for the Iberian pig have been estimated as 0.0 to 0.08 for the direct genetic effect and as 0.16 to 0.17 for the maternal genetic effect (Silió et al., 1994) . In addition, at 2 wk of age, heritability has been estimated at 0.04 for the direct genetic effect and as 0.13 for the maternal genetic effect (Hermesch et al., 2001) . Solanes et al. (2004) have reported the heritability of BW (at 3wk of age) and WW (at 31 to 46 d of age) as 0.03 and 0.06 for the direct genetic effect and as 0.17 and 0.18 for the maternal genetic effect. In our study, however, for W14 and WW the heritabilities of the direct genetic effect were greater than those of the maternal genetic effect, suggesting that the direct genetic effect was clearly expressed at the age of weaning. Our result is contrary to previous reports showing a gradual decrease in the maternal genetic effect and an increase in the direct genetic effect up to the age of weaning; consequently, the direct genetic effect is greater than the maternal genetic effect at weaning. This phenomenon seems to have been caused by an artifact of the population (e.g., selection effect) or by the influence of creep feeding. In this population, the latter began just after the birth of the piglets and continued throughout the preweaning period, under the assumption that the estimate of the maternal genetic effect was no longer valid at weaning because the actual suckling of the piglets ended earlier than at weaning age. More results need to be accumulated from other populations to validate our conclusion; however, weaning age can be regarded more as that at the time of piglet separation from sows than at the end of suckling. Therefore, the genetic evaluation of piglets can be conducted at an earlier age than when a standard feeding program is instituted, suggesting that the direct genetic effect on the piglets can be evaluated at an earlier age, and the analytical model for W14 and WW can be made simpler by including only the direct genetic effect as a random effect. Zhang et al. (2000) showed that with the use of 3-way crossbreeding in France, the heritabilities of direct genetic, maternal genetic, and common environmental effects on BW at 8 wk of age were 0.17, 0.11, and 0.15, respectively, whereas Solanes et al. (2004) reported heritabilities of 0.12, 0.09, and 0.21, respectively, for BW at 9 wk of age in Large Whites. In the present study, our estimate of W60 was similar to those estimates.
The heritability of NTEAT in the present study was similar to our previous result (Tomiyama et al., 2009 ; estimation carried out with a different model) and was consistent with other reports (Pumfrey et al., 1980 ; Table 3 Tomiyama et al. Nicholas 1998; Zhang et al., 2000) . Compared with productive traits and reproductive traits of sows, however, there are few estimates of heritabilities for NTEAT; therefore, more results are needed to elucidate the heritability of NTEAT.
Genetic Correlations
The weakly negative genetic correlation between direct and maternal genetic effects for IBW (−0.21 ± 0.15) was consistent with those reported by Roehe (1999) , Knol et al. (2002) , and Rosendo et al. (2007; −0.22 ± 0.20, −0.22 ± 0.20, and −0.21 ± 0.18, respectively) , but weakly positive genetic correlations have been estimated by Kaufmann et al. (2000) , Grandinson et al. (2002) , and Solanes et al. (2004) . Rosendo et al. (2007) suggested that different estimates of the genetic correlations may be related to breed or environmental conditions, whereas positive genetic correlations between direct and maternal genetic effects for W14 and WW are clearly contrary to other reports in which the negative relationship between direct and maternal genetic effects intensifies with the age of piglets (Kaufmann et al., 2000; Bouquet et al., 2006; Rosendo et al., 2007) . The result is not conclusive because most of the estimates in the present study have large SE; however, more results need to be accumulated for the estimation of these relationships. Although creep feeding has a positive effect on the BW of piglets (Azain et al., 1996; Dunshea et al., 1999; Wolter et al., 2002) , no significant influence has been reported for the BW of dams or the mortality of piglets (Wolter et al., 2002) , suggesting little exhaustion of lactating dams while piglets are increasing considerably in BW during the suckling period. Solanes et al. (2004) reported results similar to those in our study: a positive genetic correlation between direct and maternal genetic effects for BW at 3 wk of age. Their breeding program was similar to ours because they initiated creep feeding at 2 wk of age, suggesting that the supplementary feed to piglets has the effect of compensating for the poor lactation of some dams and possibly leading to a positive genetic correlation between direct and maternal effects. Based on these suggestions, creep feeding seems to have a positive effect, such as to encourage expressing the growth performance of the piglet at an earlier age. Reports on the genetic influence of creep feeding on the BW of piglets are scarce, however, and more results are needed to elucidate this influence.
In this study, a large maternal genetic effect was estimated only for IBW because of the possible influence of the early beginning of creep feeding. The genetic correlation of the direct genetic effect for W60 with the maternal genetic effect for IBW (−0.12) was weak. Therefore, IBW can be regarded as being of little value as a selection trait for the genetic improvement of W60.
Genetic correlations of the direct genetic effect for NTEAT with other growth traits were all weak and were consistent with estimates by Zhang et al. (2000) . Therefore, NTEAT seems to be a trait practically independent of growth traits. Currently, genetic improvement for NTEAT is not economically important; it will become important, however, once litter size is improved up to a certain number.
Body weight at 60 d of age was of great value from the aspect of the genetic improvement of this Berkshire population, especially that the major selection was carried out at 60 d of age. The direct genetic relationship of WW with W60 was relatively strong (0.67). Therefore, WW can be included in selection criteria for genetic improvement of W60. Because IBW and W14 have positive direct genetic correlations with W60 (0.41 and 0.31, respectively), these records can also be included in selection criteria. In this context, WW was found to be the most informative trait among the traits of the preweaning period.
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